Respiratory muscle training (RMT) has been proposed as an effective means to increase the strength of the inspiratory muscles and improve exercise performance. The purpose of this study was to examine the effect of RMT on cycling time to exhaustion (TTE) and to determine any potential sex effect. We hypothesized that RMT would improve maximal inspiratory pressure (MIP) and TTE to a similar degreee in men and women. Males (n = 7; mean (± SD) age, 22.1 ± 1.5 y) and females (n = 8; mean (± SD) 24.5 ± 4.9 y) performed an incremental cycle test to determine maximal oxygen consumption ( & VO 2 max ) (day 1), followed by a familiarization TTE (day 2) and baseline TTE (day 3) at 80% maximal work achieved during the & VO 2 max test. Subjects then completed 5 weeks of respiratory muscle training (RMT) (5 d/week, 2 sets of 30 inspirations against 50% MIP). Four training sessions per week were performed at home and the 5th was supervised, during which the threshold load was increased if necessary. Following RMT, subjects completed 2 TTE tests (days 4 and 5). MIP increased in each subject (37% ± 18%, P < 0.05). There was no difference between men (pre = -100 ± 20 vs. post = -140 ± 29 cmH 2 O) and women (pre = -90 ± 28 vs. post = -117 ± 28 cmH 2 O). Baseline TTE (male = 301 ± 122 s; female = 338 ± 98 s) was shorter in comparison with the best of the 2 TTE-post tests (male = 353 ± 68 s; female = 416 ± 116 s; P < 0.01), but not when compared with days 4 or 5 (P > 0.05). RMT increases MIP and may improve exercise performance; however, improvements are variable with no differences between men and women.
Introduction
Specific respiratory muscle training (RMT) can improve the endurance and strength of the respiratory muscles in healthy humans Gething et al. 2004; Markov et al. 2001; Stuessi et al. 2001; Suzuki et al. 1993; Volianitis et al. 2001) . There is ample evidence to suggest that respiratory muscles, in a manner similar to locomotor muscles, respond adaptively to specific training and improvements vary according to the frequency, intensity, and type of RMT paradigm used. The consequences of improved inspiratory muscle function, with specific reference to whole-body exercise performance, are controversial, with some studies documenting impressive improvements and others showing minimal or no change (see McConnell and Romer 2004; Sheel 2002) .
Contradictory findings can be explained, at least in part, because of non-standardized RMT regimes, the combination of strength and endurance RMT, the combination of inspiratory and expiratory training, the type of test used to evaluate exercise performance, and the intensity of the exercise tests. Another confounding variable is the wide range of subject fitness levels, which range from sedentary to highly trained endurance athletes. It is also unclear as to which physiological mechanisms may be mediating the increase in exercise performance. It does not appear that RMT has any systematic effect on maximal minute ventilation ( & VE) (Spengler et al. 1999; Stuessi et al. 2001) , oxygen consumption ( & VO 2 max ) Fairbarn et al. 1991; Markov et al. 2001) , or heart rate (Sonetti et al. 2001; Williams et al. 2002) . Increases in submaximal endurance times have been reported when the exercise intensity is 65%-85% & VO 2 max and improvements are reportedly lower or absent when endurance performance is assessed at higher intensities (Sheel 2002; Spengler and Boutellier 2000) .
Sex differences have been reported for many of the determinants of exercise capacity. It is often underappreciated that there are important sex differences in resting pulmonary function that may have an impact on the respiratory response to exercise. It is well-established that women have smaller lung volumes and maximal expiratory flow rates even when corrected for standing height (as a surrogate for chest volume) relative to men (Mead 1980; Thurlbeck 1982) . Height-matched men have larger diameter airways (Mead 1980) , with larger lung volumes and diffusion surfaces compared with women (Thurlbeck 1982) . Recent work from our laboratory (Guenette et al. 2004; Richards et al. 2004 ) and others McClaran et al. 1998; Walls et al. 2002) suggests that women may be more susceptible to pulmonary system limitations during exercise relative to men. We make this suggestion cautiously as detailed sex comparisons are difficult because the number of subjects studied to date, with respect to pulmonary system limitations during exercise, has been relatively small. Furthermore, it has recently been observed that active women do not experience greater exercise-induced abnormalities in gas exchange than men matched for age, height, aerobic capacity, and lung size (Olfert et al. 2004 ). It may be that fitness level and lung size are more important in determining whether or not pulmonary impairments occur during exercise than sex per se.
There is sufficient evidence to recognize that pulmonary system limitations during exercise exist in a significant number of fit, healthy subjects of both sexes. The prevalence of these limitations remains controversial, but there is reason to believe that there may be important sex-dependent differences. Training of the respiratory musculature can improve respiratory muscle function in healthy humans and may improve submaximal exercise performance. To our knowledge there have been no reports that have compared the male and female response to exercise following an RMT regime. Accordingly, our study was designed to address the effects of RMT on exercise performance and to determine if any sex-based differences exist.
Materials and methods

Subjects
All experimental procedures and protocols were approved by the Clinical Screening Committee for Research and Other Studies Involving Human Subjects of the University of British Columbia Human Subjects Committee conforming to the Declaration of Helsinki. Healthy female (n = 8) and male (n = 7) participants volunteered for the study and provided written informed consent. Subjects were non-asthmatic, nonsmokers, and had no history of heart or lung disease. We purposely selected untrained subjects to minimize any potential additional effects of exercise training. No subjects participated in structured exercise training programs before or during the experimental protocol. Before participation, participants performed general spirometry measures (Spirolab II, Medical International Research, Roma, Italy). Participants whose forced expired volume in 1 s (FEV 1 ) divided by forced vital capacity (FVC) (FEV 1 /FVC) was less than 80% were excluded from the investigation.
General procedures
An overview of the experimental protocol is shown in Fig. 1 . On day 1, anthropometric and spirometry measures were obtained and a & VO 2 max test was performed on a cycle ergometer. On day 2, 5 maximal inspiratory pressure (MIP) and handgrip manoeuvres were performed, followed by a time to exhaustion (TTE) cycling test performed at a wattage corresponding to 80% of & VO 2 max as determined on day 1. This TTE test was used for familiarization purposes only and was not used in subsequent data analysis.
Upon completion of the TTE on day 3, subjects were assigned their RMT load, which was set at 50% of their MIP. Upon completion of the 3 pretraining testing sessions, subjects underwent 5 weeks of resistive loaded RMT. The training session was completed in the laboratory to adjust the inspiratory training load if a new MIP was established and also to supervise the subjects to ensure they were using adequate technique. In addition, subjects were responsible for recording their daily activities and their RMT in a diary to examine compliance and any potential changes in daily physical activity. Baseline measures (day 3) were compared with results from both days 4 and 5, and with the best result from days 4 or 5. Some individuals performed better on day 4 vs. day 5 and vice versa. As such, the best performance for each subject was pooled together as "best day" for comparison to day 3. Finally, a & VO 2 max test was performed on day 6.
Respiratory muscle strength measures
Maximal inspiratory pressure was measured at the mouth to represent the maximum amount of force-generating capacity of the inspiratory muscles. These manoeuvres were conducted in accordance with standardized procedures (A.T.S./E.R.S. 2002). During MIP trials, subjects wore a nose clip, breathed normally through a 3-way valve (Hans Rudolph, Kansas City, Mo.), and then exhaled passively to functional residual capacity. Following exhalation, the valve was closed and subjects inhaled maximally, drawing small amounts of air in through a pinhole in the valve, which prevented closure of the glottis. Inspiratory mouth pressure was measured with a differential pressure transducer (Vacuumed model No. 4510, Ventura, Calif.) connected to an analog-todigital converter (National Instruments, BNC 2110, Austin, Tex.) and the data was stored for later analysis (Labview software V6, National Instruments). The pressure transducer was linearly calibrated over a range of 5 pressures (-5 to -200 cmH 2 O). The amount of force generated with each MIP manoeuvre was graphed and averaged over a period of 1 s. All subjects were given a demonstration and were provided with time to practice the MIP maneuver before recording each trial. At least 5 trials were conducted until 3 measures within 5% of one another were attained. The 2 highest values of the 3 were averaged and used as the MIP value. Owing to the dependency of MIP measures on volitional effort, it was important to be able to determine whether any improvement in MIP was due to RMT or motivational factors (Fuller et al. 1996) . Therefore, maximal handgrip force (i.e., a muscle group not involved in RMT) was obtained to assess subject motivation to perform a volitional maximal muscular contraction. An increase in MIP following RMT would provide evidence of increased respiratory muscle strength if it was accompanied by the maintenance of handgrip strength, which would imply that subject motivation was maintained. Handgrip strength of the dominant hand was measured. The maximal value was determined to be an average of the 2 highest values within 5% of each other.
Cycle exercise
Maximal O 2 consumption was determined on an electronically braked cycle ergometer (Excalibur Sport, Lode, Netherlands). Upon completion of a self-selected cycling warm up (minimum 5 min), subjects wore a nose clip and breathed through a mouthpiece connected to a non-rebreathing valve (model 2700B, Hans-Rudolph). Male and female subjects performed a progressive exercise test starting at 0 watts, which increased in a ramp fashion of 30 and 25 W⋅min -1 , respectively, until volitional exhaustion. Expired gases and ventilatory parameters were measured continuously via open circuit spirometry (Physio-Dyne, Max-1, Fitness Instrument Tech., N.Y.) and values were averaged over 15 s epochs. Heart rate was continuously assessed by telemetry (Polar Vantage XL, Kempele, Finland) and recorded every 15 s. All subjects cycled until volitional exhaustion and fulfilled at least two of the following criteria for & VO 2 max : (i) heart rate ≥ 220 -age, (ii) respiratory exchange ratio ≥ 1.10, and (iii) no further increase in & VO 2 with increasing workload. Upon attainment of & VO 2 max , subjects immediately began a 5 min cool down.
Time to exhaustion tests were performed at 80% of the peak work determined on day 1. Similar to the & VO 2 max test, subjects completed a self-selected warm up of at least 5 min. All cardio-ventilatory measures were assessed in the same manner as the & VO 2 max test. All subjects cycled until they were unable to maintain at least 60 r/min. No verbal encouragement was given throughout the tests.
Respiratory muscle training
Subjects performed inspiratory muscle strength training 5 d/week over a duration of 5 weeks using a commercially available resistance threshold loading device (Powerlung ® , Powerlung Inc., Houston, Tex quick and forceful inspiration from residual volume, followed by slow expiration over 4-6 s to prevent hyperventilation and hyperinflation. The resistance was set at 50% of MIP and was marked on the training device. The final day of training was performed in the laboratory so that MIP could be established and the training load adjusted accordingly. If the subject's MIP remained the same, the subject continued to train at the level of the previous week.
Statistical analyses
Differences in subject descriptive characteristics were determined using unpaired t tests. Repeated measures analysis of variance procedures were used to compare men and women over time (Statistica 6.1, Stat Soft Inc., Tulsa, Okla.). When significant F values were obtained, Tukey's test was applied post hoc to determine where the differences occurred. Pearson product moment correlations were implemented to determine linear relationships between selected dependent variables. The level of significance was set at P <0.05 for all statistical comparisons. All values are means ± S.D.
Results
Descriptive characteristics
Physical characteristics and pulmonary function data are shown in Table 1 . All subjects had pulmonary function values that were within ±10% of predicted values. No subjects were excluded owing to a FEV 1 /FVC < 80%. Maximal cycle exercise (day 1) is shown in Table 2 .
Respiratory adaptations to inspiratory muscle training
All subjects completed the IMT regime with 100% compliance and had no deviations from their regular exercise regime. Over the 5 week training period a significant improvement in MIP was seen in each subject with no significant differences detected between sexes (Table 3) . Female subjects improved their MIP by an average of 34% ± 18%, whereas males improved by 41% ± 20% from baseline values. Figure 2 illustrates the percent improvement in MIP following each week of training compared with baseline values determined on day 3. Significant improvements in MIP occurred after the second week of training and each subsequent week with no differences found between males and females.
Handgrip
Males had higher handgrip scores compared with females (Table 3 ). No differences in handgrip scores were observed following RMT.
Time to exhaustion cycle performance
Baseline measures of TTE were compared with posttraining cycling performance in 3 ways ( Fig. 2A) . No improvement in TTE was seen when comparing baseline (day 3) to days 4 or 5 for men and women (P > 0.05). However, a significant improvement in cycling performance was seen when baseline was compared with the best of days 4 and 5 in men and women with no differences between sexes. When comparing baseline to the best of days 4 and 5, males improved their TTE by an average of 17% and females by 23%. Three of 8 females and 2 of 7 males did not show any improvement in TTE performance (Fig. 2B) . No relationship was detected between the percent change in MIP versus the percent change in cycling performance (r = 0.08, P > 0.05).
Physiological responses to exercise
All cardio-ventilatory variables were averaged over the final minute of each TTE test. Baseline measures were compared with days 4 and 5 and with the best performance of both days (Table 4 ). No differences in & VE or heart rate occurred after RMT. However, small but statistically significant improvements in & VO 2 occurred when comparing baseline to day 5 and the best of days 4 and 5 (P < 0.05), but there was no sex effect. There was no change in & VO 2 max or other maximal cardio-ventilatory variables for men and women after RMT (P > 0.05) when comparing day 1 with day 6 (data not shown).
Discussion
The overwhelming majority of studies involving RMT in healthy individuals have used male subjects exclusively, Note: Data are presented as mean ± SD. *Statistically significant difference from females (P < 0.05). whereas only a minimal number of investigations have used female subjects (Gething et al. 2004; Suzuki et al. 1993 ). To our knowledge, the present study is the first to systematically evaluate and compare the effects of RMT on cycle exercise performance in men and women. We examined the effects of a 5 week inspiratory muscle strength training program on untrained males and females. All subjects improved their maximal inspiratory pressure with no differences between men and women. Females improved their MIP by an average of 34% and males improved by 41% from baseline values. Change in exercise performance was variable and improvements were detected only when comparing baseline with the best of both post-training TTE tests. No sex differences were detected with respect to TTE. Following RMT, we observed no consistent change in cardioventilatory responses during the TTE test, nor did we observe an increase in & VO 2 max . 
Respiratory muscle training effects on inspiratory muscle function
Studies involving RMT have reported improvements in MIP ranging from 8% to 45% (Sonetti et al. 2001; Volianitis et al. 2001 ) and the 37% improvement we observed is in good agreement with previously reported results. Improvement in MIP is shown in Fig. 3 with a consistent rise in the percent improvement in MIP with each consecutive week of training. It is tempting to speculate that the respiratory muscles respond in a dose-response fashion to a given training stimulus similarly to other skeletal muscle. However, this relationship remains unclear, as there is limited data available to describe the dose-response of the respiratory muscles to specific RMT.
Owing to the dependency of MIP on an individual's volitional effort, it was important to be able to determine whether increases in MIP following RMT were due to respiratory muscle training or alterations to subject motivation. While we observed significant improvements in MIP, we found no change in maximal handgrip values over the 5 week RMT period. This suggests that the improvements in MIP were not due to motivational influences and it is reasonable to conclude that the RMT paradigm we employed improved the strength of the inspiratory muscles as reflected by MIP.
Respiratory muscle training effects on exercise performance
The present study found changes in TTE performance to be variable and detecting significant improvements was dependent on specific interpretation. No difference was seen when comparing baseline TTE with days 4 or 5. However, when the best performance of each subject was compared with baseline, a significant improvement was detected (mean = +21%) with no difference found between men and women. Of the 15 subjects, 4 performed worse after RMT and 1 showed no change (see Fig. 2 ). Some studies using a fixed work rate TTE test as a measure of exercise performance showed no improvement (Fairbarn et al. 1991; Morgan et al. 1987) , whereas others showed a significant improvement ranging from 24% to 50% Gething et al. 2004; Markov et al. 2001) . This large discrepancy is most likely attributable to the wide range of RMT protocols employed, the training status of the subjects, and the intensity in which the TTE tests were performed. Using a time-trial test, Sonetti et al. (2001) demonstrated that subjects who performed RMT and those in a placebo group ("hypoxic trainer") showed significant increases in cycling performance (26% and 16%, respectively). Our findings extend this observation where increases in exercise performance were equally variable between men and women. The modest and variable improvements seen in our subjects were likely Note: Data are presented as mean ± SD. * Statistically significant difference from day 3 (baseline) (P < 0.05). Table 4 . Cardioventilatory responses over the final minute of pre-and post-training TTE. not dependent on familiarization or motivational factors. We make this claim based on the experimental design that had subjects perform a familiarization trial on day 2 and there was no consistent pattern to improved cycle performance (i.e., day 4 vs. day 5). The primary correlative relationship to determine the effect of RMT on cycling performance showed that the magnitude of improvement in MIP was not related to the degree of improvement in cycling performance. Interestingly, the subject with the greatest improvement in cycling performance had the smallest improvement in MIP. Furthermore, several subjects performed worse after RMT despite a significant improvement in MIP. Based on the present TTE findings it would appear that RMT in untrained men and women may influence cycle exercise performance to a limited extent at most. However, RMT may have different effects under other circumstances such as heart failure (O'Donnell et al. 1999) and chronic obstructive pulmonary disease (Simon et al. 2001) . Specific RMT may have important consequences for the redistribution of cardiac output via alterations in the respiratory muscle metaboreflex in certain patient groups (Harms et al. 1997; Rodman et al. 2003; Sheel et al. 2001) .
Respiratory muscle training effects on exercise responses
The improvement in cycling performance seen in our subjects occurred in the absence of typical physiological adaptations that occur with whole-body exercise training. No reduction in minute ventilation or heart rate was seen after RMT nor was an increase in & VO 2 max observed. We did, however, see a modest, but statistically significant, increase in & VO 2 during the TTE tests when comparing baseline to day 5 and the best of days 4 and 5, which is likely a reflection of the slightly longer exercise duration. Our findings are in good agreement with the majority of RMT studies. However, some have reported reductions in minute ventilation Boutellier and Piwko 1992) and heart rate (Gething et al. 2004 ) after RMT. The absence of change in the aforementioned physiological parameters in the present study may provide insight into the lack of correlation found between change in MIP and change in cycling performance. Our data suggests that the responses to RMT are variable with respect to cycle TTE exercise performance and the responses to RMT are independent of sex.
Methodological considerations
We wished to control for exercise training status to ensure that any potential exercise performance improvements were due to RMT rather than other exercise training. We purposely selected untrained subjects who were physically active but did not participate in any structured training program. Subjects recorded the frequency and duration of their daily physical activity but no consistent record of intensity was taken. There was no deviation in the duration or frequency of daily physical activity over the period of RMT. Accordingly, our improvements in exercise performance (although small and variable) were likely not due to increases or decreases in exercise training.
Many RMT studies have used TTE tests as the outcome measure of exercise performance Sonetti et al. 2001; Stuessi et al. 2001) . Despite its wide usage in laboratory assessment, controversy surrounds the value of such tests for a number of reasons. These types of tests are not true measures of athletic performance, as they do not mimic competitive situations and often have poor reliability. Coefficient of variations for TTE tests have been reported to range from 17% to 40% (Jeukendrup et al. 1996) . However, the mean coefficient of variation in the present study was 14.9%. Subjects in the present study pedalled at a self-selected cadence provided it remained above 60 r/min. A constant pedalling frequency may have reduced the variability of the TTE test. The reason we selected TTE versus a time trial test was to facilitate direct comparison to previous studies. The comparison was facilitated by our relatively low coefficient of variation. It is possible that if we had used a fixed-distance type of exercise test (e.g., a 40 km time trial) we may have obtained different results. However, this test was not appropriate for our untrained subjects.
Summary
This is the first study to directly compare the exercise performance effects and physiological responses to RMT in men and women. Inspiratory muscle strength training over a 5 week period significantly increased maximal inspiratory pressure by 37% and variably improved cycling time to exhaustion by 21%. However, the degree of improvement in MIP was not related to the magnitude of improvement in cycling performance. No differences were detected between men and women for any variables. Inspiratory muscle training increases MIP and may improve TTE exercise performance; however, improvements are highly variable with no effect of sex. Given the preliminary nature of our findings, it is recommended that further studies involving larger samples from different subject groups (i.e., trained vs. untrained) be conducted across a range of exercise intensities to more clearly elucidate the potential role of RMT on exercise performance and to determine if any sex-based differences exist.
